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© Temperature monitoring. 

© A method of monitoring the temperature of a 
target (4), the method comprising: 

a) sensing radiation emitted by the target (4) at at 
least two different wavelengths; 

b) determining a temperature value from the 
sensed radiation in accordance with a first pre- 
determined algorithm; 



c) repeating steps a) and b) a number of times to 
generate a set of temperature values; 

d) selecting a target temperature from the set of 
temperature values in accordance with a second 
predetermined algorithm; and, 

e) generating an output signal defining the target 
temperature obtained in step d). 
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The invention relates to methods and appara- 
tus for monitoring the temperature of a target. 

Methods of measuring the temperature of a 
body or target, by means of the electro-magnetic 
radiation emitted by the body, in one or multiple 
wavebands, are well known. Most of these methods 
assume that the emitting properties (emissivity) of 
the body are known and constant. One method, 
however, using two or more wavebands, can over- 
come the problem(s) of varying emissivity, pro- 
vided that there is a fixed relationship between the 
emissivities at the various wavelengths. In theory, 
two wavelengths can allow for one variable, three 
wavelengths for two variables etc. In practice, the 
cost and complexity increase rapidly with the num- 
ber of wavebands, and the measurement accuracy 
decreases rapidly. 

An algorithm has been proposed in GB-A- 
2160971 that facilitates the signal processing. How- 
ever, applications exist (for example the measure- 
ment of liquid metal streams) where the number of 
variables (e.g. slag particles, stream convolutions, 
smoke/fume obscuration) make the above, or any 
other known radiation (not-contact) method imprac- 
tical or too expensive. For example, in metal 
streams there exist multiple "interferences" such 
as cavitation, smoke, gobs of molten refractory and 
so on which cause the effective emissivity to vary 
rapidly and unpredictably. However, there is an 
urgent need to generate an instrument which can 
monitor the temperature of such liquid metals in 
place of the conventional, consumable, dip-in type 
instruments which are labour intensive and expen- 
sive. 

In accordance with one aspect of the present 
invention, a method of monitoring the temperature 
of a target comprises: 

a) sensing radiation emitted by the target at at 
least two different wavelengths; 

b) determining a temperature value from the 
sensed radiation in accordance with a first pre- 
determined algorithm; 

c) repeating steps a) and b) a number of times 
to generate a set of temperature values; 

d) selecting a target temperature from the set of 
temperature values in accordance with a second 
predetermined algorithm; and, 

e) generating an output signal defining the target 
temperature obtained in step d). 

In accordance with a second aspect of the 
present invention, we provide apparatus for moni- 
toring the temperature of a target comprising 
means for sensing radiation emitted by the target 
at at least two different wavelengths; and process- 
ing means for carrying out a method according to 
the first aspect of the invention. 

The new method and apparatus overcome the 
interferences in a cost-effective and practical man- 



ner. It usually uses a "dual-wavelength" algorithm 
as the first predetermined algorithm but also en- 
ables the fast response capability of infra-red sen- 
sors to be exploited and to capture a large number 

5 of readings in a short period of time. This ensem- 
ble of readings is then subjected to a statistical 
analysis (the second predetermined algorithm). The 
combination of dual-wavelength algorithm and sta- 
tistical analysis allows true stream temperature to 

10 be deduced. This avoids the necessity of predeter- 
mining the relationship between the emissivities at 
the two wavebands, and it pre-selects which of the 
variables is causing the main errors. 

In its simplest form, the method makes use of 

75 a single, first predetermined algorithm and for ex- 
ample selects as the target temperature the most 
commonly occurring temperature value. In other 
applications, the peak temperature value from the 
set can be used, or this can be modified with one 

20 or two values on either side of the peak. In addi- 
tion, the values (e.g. one or two) around the peak 
can be interpolated in accordance with their dis- 
tribution and in this way obtain a more precise 
value than the resolution of the temperature values 

25 themselves, e.g. ± 1°C with values known to ± 
5"C. 

The invention is particularly suited, however, to 
a more sophisticated approach which takes ac- 
count of the different interferences which can exist 

30 in flowing, liquid metal streams. In general, these 
interferences dominate at different times and dif- 
ferent algorithms (including different versions of the 
same algorithm i.e. with different coefficient(s)) 
need to be applied. Thus, in one preferred ap- 

35 proach, the method further comprises for each step 
a), carrying out steps b) and c) once in accordance 
with each of a number of different predetermined 
algorithms whereby a corresponding number of 
sets of temperature values is generated; and se- 

40 lecting for use in step d) the one of the sets of 
temperature values which is most consistent. 

The different predetermined algorithms are ini- 
tially determined empirically to deal with the dif- 
ferent interferences which can occur and then the 

45 method reviews the sets of temperature values 
obtained from each algorithm and chooses the set 
which is the most consistent. 

Typically, for a dual wavelength approach, 
each algorithm has the form: 

50 

1/T = (A + 1)/Ti - A/T 2 + B 

where 

T is the determined temperature value; 
55 Ti and T2 are temperature values derived from 

the radiation sensed in step a) at the two different 
wavelengths respectively; and, 

A,B are constants. 
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The different interferences are then charac- 
terised by different values of the constants A,B. 

Preferably, the method further comprises de- 
termining the temperature of the target indepen- 
dently (for example using a contact method), and 
modifying the predetermined algorithm so that the 
target temperature derived in step d) equals the 
determined target temperature. 

In the case of the algorithm mention above, 
this correction will typically constitute a correction 
in the value B. 

The invention is applicable to the use of more 
than two wavelengths with algorithms of the form: 
i 

1/T = x/T1 + y/T2 + z/T3 + .... 

where x,y,z etc are constants, and T1, T2, T3 are 
temperature values derived from the radiation 
sensed in step a) at wavelengths x 1f x 2 , X 3 ... . 

Some examples of methods and apparatus ac- 
cording to the invention will now be described with 
reference to the accompanying drawings, in which:- 
Figure 1 is a block diagram of the apparatus; 
Figures 2 and 3 are circuit diagrams of parts of 
the apparatus shown in Figure 1; 
Figure 4 is a flow diagram illustrating one exam- 
ple of the operation of the computer; 
Figure 5 illustrates graphically a function result- 
ing from the example of Figure 4; and, 
Figures 6 and 7 are similar to Figures 4 and 5 
but of a second example. 
The radiation thermometer is (typically) porta- 
ble and comprises a conventional radiation pyro- 
meter 1 including a lens 2 which focuses radiation 
onto a field stop 3. The pyrometer 1 is arranged to 
receive radiation from a surface 4 such as a flowing 
metal stream. Radiation passes through the field 
stop 3 to a detection system shown for conve- 
nience as a semi-silvered mirror 5 mounted on a 
temperature controlled housing 13 and a pair of 
silicon cell detectors 6,7 to which the radiation 
passes. Each detector has a filter 6A.7A for pass- 
ing radiation of a particular waveband centred on 
infrared wavelengths Xi ,X2 respectively. Typical 
wavebands are 0.7-1 .Oum and 0.9-1. 1um respec- 
tively. In the preferred arrangements, however, a 
dual "sandwich" detection system is used. This 
has two layers, one above the other. The top layer 
absorbs (senses) preferentially 0.9-1 .mm radiation, 
transmitting 0.7-1 .Oum radiation to be sensed by 
the bottom layer. 

The detector 6 is shown in more detail in 
Figure 2. The detector comprises a silicon cell 6B 
connected to an operational amplifier 6C, the sili- 
con cell 6B generating a current related to the 
intensity of the incident radiation. 

The output signals from the operational amplifi- 
ers of the detectors 6,7 are fed to amplifiers 8,9 



whose output signals Si .Sfc are fed to conventional 
analogue-to-digital converters 10,11 where they are 
regularly sampled and digitized. Digital signals 
from the converters 10,11, at a rate of between for 

5 example 5 and 50000, typically about 1000, read- 
ings per second, which are related to the intensities 
of the incident radiation on the detectors 6,7, are 
fed to a computer 12. The computer may comprise 
a suitably programmed microcomputer or be based 

io on a single chip e.g. INTEL 8031, an EPROM for 
storing the program, or a small RAM. 

In order to explain the process carried out by 
the computer 12, we will firstly explain the back- 
ground to the invention. 

75 For a dual-wavelength thermometer, we can 

write: 

51 = E1 . f1(T) (1) 

52 = E2 . f2(T) (2) 

20 

where S1.S2 are the signals in the two wavelength 
channels, E1.E2 are the (effective) emissivities at 
the two wavelengths, and f1,f2 are the calibration 
functions at the two wavelengths. 
25 There are two equations in three unknowns 

(E1.E2.T) which cannot be solved for T without 
some additional information. 
However, if a relationship: 

so E1 = f(E2) (3) 

can be established, then we have three equations 
in three unknowns and, provided f() meets certain 
criteria (e.g. single-valuedness) then we can solve 
35 for T. 

This is the basis of dual-wavelength thermome- 
try and it is necessary to establish (usually empiri- 
cally) a E1 = f(E2) relation. 

In principle, the E1 = f(E2) relation above can 
40 take any form (including E1 = f(E1,T)). However, a 
simple-to-handle form which usefully approximates 
several measurement situations is: 

E1 = a . E2 b (4) 

45 

or, equivalently: 

lnE1 = b . lnE2 + Ina (5) 

so a and b are typically found empirically by fitting 
experimental data. 

From Planck's Law, it is possible to show: 

1/T - 1/T1 = L1/c2 . In E1 (V) 
55 1/T - 1/T2 = L2/c2 . In E2 (2') 

where T is the true temperature, T1 ,T2 are "bright- 
ness" temperatures at the two wavelengths, and c2 
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is the "second radiation constant", and L1.L2 are 
"effective wavelengths" corresponding to Xi ,X 2 re- 
spectively. The effective wavelength of a thermom- 
eter is the wavelength of an equivalent (ideal) mon- 
ochromatic thermometer - i.e. one which matches 
the calibration function of the actual thermometer 
over the temperature range of interest. 

Brightness temperatures are the temperatures 
one derives directly from the thermometer signals 
S1.S2 (using Planck's Law) without any correction 
for emissivity effects. 

Equations 1\2' are just equations 1,2 written in 
a different way - i.e. where T1,T2 are taken to be 
the measurands rather than S1.S2. Taken with 
equation 3, equations 1\2' form a three-equation, 
three-unknown system which can be solved for true 
temperature T. 

This representation is useful in practice where 
the thermometer directly outputs brightness tem- 
peratures rather than "radiance" signals S1,S2. 

If we take equations 1\2' together with equa- 
tion 5 we get, with some manipulation: 



1/T = (A + 1) . 1/T1 - A. 1/T2 + B 



(6) 



where A = b.L1 /(L2-D.L1) 
and B = A.L2.lna / c2.b 

and we can solve for T from measured T1 ,T2 if we 
know A and B. 

We can get the A and B needed in equation 6 
in a number of ways, for example we could make a 
theoretical analysis of the relationship between E1 
and E2, hence derive a,b and hence A,B, or we 
could, similarly, make an empirical study of how E1 
relates to E2, hence derive a,b and hence A,B. 

However, a very direct and effective way is to 
simply record T1 ,T2 in the measurement applica- 
tion over a period of time while also taking "refer- 
ence" values of true temperature T using, for ex- 
ample, a contact thermometer. 

A plot of 1/T-1/T1 versus 1/T1-1/T2 is formed 
called a "1/T" plot and then a best straight line fit 
to the data is made, whence the slope and inter- 
cept of the line give directly A and B respectively. 

An important point to recognise is that a 
straight line relation in the 1/T plot is not essential 
to the method. A straight line follows from equation 
6, which follows from equation 5 - i.e. the log-linear 
assumption. However, provided the empirical data 
forms a single-valued relation in the 1/T plot then 
the plot can be used directly to relate T to mea- 
sured T1.T2 without any a prior assumption about 
the form of the E1 = f(E2) relation. 

Thus, we have a purely empirical method: 
T1,T2,T data is collected (e.g. during system com- 
missioning) and points entered into a 1/T plot. Any 
promising function is then used to fit the data and 
hence permit calculation of T from future measured 



T1.T2. 

This approach which is also described in GB- 
A-21 60971 works successfully and it is found that 
once an empirical 1/T relation is established it is 
5 stable and may be used over many months without 
adjustment. 

For a metal stream, the situation can be more 
complex. We have found that a 1/T relation can be 
established which correctly accounts for the (E1 - 
w f(E2)) behaviour of one interference (e.g. cavitation) 
but that other interferences occur, in a fluctuating 
manner, which are not correctly described by this 
1/T relation. 

If one interference is dominant then the result 
75 is a predominance of readings that fall on a line 
(not necessarily straight) in the 1/T plot but with a 
scatter of readings on either side of this line. 

One can exploit the fast response of the ther- 
mometer to take readings in large ensembles (e.g. 
20 a thousand T1.T2 values in a one second interval). 
This allows one to use internal consistency to se- 
lect those readings which are subject to only the 
single (modelled) interference and reject those that 
are subject to multiple interferences. 
25 This can work as follows: 

From theoretical and/or empirical studies, it is 
decided that interference "X" is dominant. We fur- 
ther establish a 1/T relation which models interfer- 
ence T. 

3 o Conveniently (but not necessarily) let us as- 

sume that this 1/T relation turns out to be a straight 
line - i.e. our modelling gives us A and B values as 
per equation (6). 

Initially, the computer determines from the 
35 sensed intensity pairs S1.S2, equivalent radiance 
pairs Ti ,T 2 using a conventional "linearisation" rou- 
tine. In this example, illustrated in the flow diagram 
form in Figure 4, the computer 12 then computes 
from each of the 1000 T 1( T 2 pairsa temperature T 
40 using equation 6 (step 30). The values of T are 
then grouped into respective temperature ranges, 
for example 5 Celsius intervals, by incrementing 
respective counts depending upon each value of T 
which is obtained in step 30. (Step 31.) 
45 This results in a set of counts, an example of 

which is indicated graphically in Figure 5. In this 
Figure, seven temperature ranges are defined cen- 
tred on respective temperatures (defined along the 
horizontal axis) while the number of values falling 
50 within each temperature range is plotted on the 
vertical axis. In a step 32, the computer 12 deter- 
mines the temperature range with the most T val- 
ues, in this case temperature range 3, and outputs 
(step 33) to a display or printer (not shown) the 
55 mean temperature value of that temperature range. 
Alternatively, the value may be converted back to 
analogue form and used for control purposes or the 
like. In other methods, as described above, account 
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Claims 

1. A method of monitoring the temperature of a 
target, the method comprising: 

a) sensing radiation emitted by the target at 
at least two different wavelengths; 

b) determining a temperature value from the 
sensed radiation in accordance with a first 
predetermined algorithm; 

c) repeating steps a) and b) a number of 
times to generate a set of temperature val- 
ues; 

d) selecting a target temperature from the 
set of temperature values in accordance 
with a second predetermined algorithm; 

e) generating an output signal defining the 
target temperature obtained in step d). 

2. A method according to claim 1, wherein step 
c) composes allocating each temperature value 
to one of a set of temperature value ranges, 
step d) comprising determining the tempera- 
ture value range to which most temperature 
values have been allocated, the selected target 
temperature in step d) being related to the 
determined temperature value range. 

3- A me thod according to claim 2, wherein the 
selected target temperature is determined by 
mod.fy.ng a temperature corresponding to the 
determined temperature value range in accor- 
dance with the values of and number of occur- 
rences of temperature values in adjacent tem- 
perature value ranges. 

4. A method according to claim 2. wherein the 
selected target temperature is the mean value 
of the determined temperature value range. 

5- A method according to any of the preceding 
claims, further comprising, for each step a) 
carrying out steps b) and c) once in accor- 
dance w,th each of a number of different pre- 
determ.ned algorithms whereby a correspond- 
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